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- ABSTRACT

An austenitic stainless steel welded joint, which comprises by
mass%, C: 0.05 to 0.25%, Si’ not more than 2%, Mn: 0.01 to 3%, P: 0.05 to
0.5%, S: not more than 0.03%, Cr: 15 to 30%, Ni1: 6 to 55%, sol. Al 0.001 to
0.1% and N: not more than 0.03%, with the balance being Fe and 1impurities,
and satisfies the formula of (Cr + 1.5 X Si+2x P)/(Ni+ 0.31 xMn + 22 x C
+ 14.2 x N + 5 x P) > 1.388, has high creep strength, and moreover, is
economical and excellent in weldability. Therefore, the said austemitic
stainless steel welded joint can be widely applied as steel pipes, steel plates
and so on in such fields where not only high-temperature strength and
corrosion resistance but also weldability is required. Each ele’ment symbol

in the above formula represents the content by mass percent of the element

concerned.
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AUSTENITIC STAINLESS STEEL WELDED JOINT AND AUSTENITIC

STAINLESS STEEL WELDING MATERIAL
TECHNICAL FIELD

[0001]

The present invention relates to an austenitic stainless steel welded
joint and to an austenitic stainless steel welding material. More .
specifically, the present invention relates fo an austenific stainless steel
welded joint and an austenitic stainless steel welding material, which not
only can be widely apphed as steel pipes, steel plates and so on in such
helds where high-temperature strength and corrosion resistance are

required, but also have good welding performance characteristics, 1n spite of

a P content as high as 0.05% or more.

- BACKGROUND ART
[0002]

Conventionally, in boilers and chemical plants which are used under

high-temperature conditions, austenitic stainless steels, such as SUS304H,
SUS316H, SUS321H, SUS347H, SUS310S and so on, which are prescribed

in JIS, have been used.
[0003]

However, 1n recent yvears, the steam conditions in boilers and the
like have shifted toward higher temperaturés and higher pressure
conditions and, accordingly, the requirements imposed on the performance
characteristics of the materials to be used have become more severe and,
under the said situation, those austenitic stainless steels which have so far
been used are considerably insufficient in high-temperature strength; the

development of economical steels more 1mproved in high-temperature
strength has been desired.
[0004]

Carbide precipitation is effective as a method for improving the
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high-temperature strength, in particular creep strength of austenitic
stainless steels, and therefore the strengthening mechanism by carbides
such as M23Cg¢, NbC and so on are in use. The Cu phase, which finely
precipitates during creep as a result of the addition of Cu, 1s also utilized for

increasing the creep strength.

[0005]

'~ However, an increased C content for carbide precipitation results in
a deterioration 1n corrosion resistance, and carbide-forming strengthening
elements are all expensive. Further, a large amount of the addition of Cu
decreases the hot workability, weldability and creep ductility, so that the

contents of the carbide-forming strengthening elements and Cu are

restricted.
[0006]

On the other hand, it i1s known that P, which 1s essentially an
impurity element, contributes to the refinement of the M23Cg type carbides
and to the improvement of creep strength. Therefore, for example, the

Patent Document 1 and the Patent Document 2 propose the P-containing

austenitic stainless steels.
[0007]

That 1s to say, the Patent Document 1 discloses an austenite
stainless steel improved in creep rupture strength by controlling the content
of P within a specific range and adjusting the contents of T1 and Nb 1n

response to the content of C.

[0008]

The Patent Document 2 discloses an austenitic stainless steel whose
creep rupture characteristics are prevented from deteriorating by
suppressing the formation of the ferrite phase which is markedly low in
resistance to creep deformation compared to the austenite phase, and at the

same time by utilizing the precipitation strengthening effect of phosphides
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through the addition of a specific amount of P. | ‘
[0009]

Patent Document 1: Japanese Laid-Open Patent Publication No.

02-243742

Patent Document 2: Japanese Laid-Open Patent Publication No.
03-153847
DISCLOUSRE OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION
10010}

The technique which comprises increasing the content of P as
disclosed 1n the above-mentioned Patent Document 1 and Patent Document
2 causes a deterioration of weldability. That i1s to say, an increased P
content, in particular, a large amount of P content which exceeds 0.05%,
significantly causes cracking which occurs when the distortion resulting
from the solidification shrinkage or thermal shrinkage exceeds the
deformability of the weld metal, in particular, in the stage which is close to
the end of the weld solidification process and in which a filmy liquid phase
1s present mainly along the crystal grain boundaries (hereinafter such
cracking is referred to as “weld solidification cracking”). Therefore, in
particular, such a large amount of P content which exceeds 0.05% 1s placed
under restrictions from the weldability viewpoint; hence, in the case of the
austenitic stainless steels disclosed in the Patent Document 1 and the
Patent Document 2, the creep strength-improving effect of P cannot be said

to be satistactorily utilized.

[0011]

Accordingly, one objective of the present invention is to provide a
high-P austenitic stainless steel welded joint being comprised of base metals
and a weld metal which have excellent weldability, in spite of having a high

creep strength and being economical. Another objective of the present
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invention is to provide a high-P austenitic stainless steel welding material
having the same characteristics of the said austenitic stainless steel welded
joint. _

MEANS FOR SOLVING THE PROBLEMS

[0012]

The present inventors made wvarious 1investigations in order to
ensure austenitic stainless steels, which are high in creep strength and
economical and contain P at a high concentration, and also have excellent
weldability by preventing weld solidification cracking.

[0013]
- As mentioned above, the said weld solidification cracking occurs
when the liquid phase, which exists among dendrites during weld

solidification, remains 1n a filmy form until low temperature regions, and

cannot withstand the applied stress.
[0014]

An 1ncreased P content results in an increase 1n susceptibility to
weld solidification cracking and thus increases the occurrence of weld
solidification cracking. This is due to P being markedly concentrated in the
- hiquid phase during solidification and therefore greatly lowers the
solidification completion temperature of the liquid phase and thus the liquid
phase remains until low temperature regions.

[0015]

Therefore, various investigations have been made to reduce the
occurrence of the weld solidification cracking due to the content of P which
1s contained as an impurity element. It 1s known that the said weld
solidification cracking can be suppressed when the chemical composition 1s
balanced so that ferrite solidification mayv occur in the primary phase, as

disclosed, for example, in the Japanese Laid-Open Patent Publication No.

2003-535213, paragraphs 0030 and 0031.
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[0016]
“Sutenresuko no Yosetsu (Welding of Stainless Steel), First Edition

(written by Kazutoshi Nishimoto, Syogo Natsume, Kazuhiro Ogawa and Osa
Matsumoto; published in 2001 by Sanpo Publications, Inc.)”, pages 87 to 88,
describes in detail the mechanisms for preventing the weld solidification
cracking utilizing delta-ferrite and explains that the prevention of the weld
solidification cracking can be realized by the liquid phase splitting due to
transformation from delta-ferrite to austenite in the solidification mode in
which the ferrite forms primary crystals, namely 1n the “"FA mode”.

[0017]

Contrary to the above.‘-cited documents, the present inventors, based
on the 1dea that the crystallization of the very phase crystallizing out after
the primary phase, (for example, austenite in the case of solidification in the
“FA mode”), would be effective in preventing the said weld solidification
cracking, made detailed investigations concerning the crystallization

behavior of the phase crystallizing out after the primary phase 1n various

austenitic stainless steel weld metals.
[0018]

As a result, it was first revealed that not only when the solidification
mode .is the above-mentioned “FA mode”, in which primary crystals are
formed as ferrite, but also when the solidification mode 1s the “AF mode”, in
which primary crystals are formed as austenite, the phase crystallizing out
aftér the primary phase 1s predominantly of the separate eutectic type

crystals crystallizing out and growing from the liquid phase central part

during weld solidification.

[0019]

Thus, the inventors came to realize that if the timing of the
crystallization of austenite or delta-ferrite crystallizing out after the

primary phase crystallization is controlled, so as to be developed earlier and
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thereby the remaining filmy liquid phase is split in order to divide the
direction of the propagation of cracking, the increase in susceptibility to the
weld solidification cracking due to an increase in P content, namely the
increase of occurrence of the weld solidification cracking, can be prevented
not only 1n the case of “FA mode” but also in the case of “AF mode”.

[0020]

When the P content is not less than 0.05%, the influence of P on the
solidification mode 1s considered to be not negligible.
[0021]

Therefore, a microsegregation calculation model, making it possible
to predict the stainless steel solidification mode was prepared, taking the
influence of P into consideration.

[0022]

Based on this microsegregation calculation model, various austenitic
stainless steels which differ in chemical composition and show either the
“FA modé” or “AF mode” solidification mode were prepared and subjected to
testing for susceptibility to the weld solidification cracking.

[0023]

As a result, 1t was revealed that it 1s possible to inhibit the weld
solidification cracking, not only in the case of the “FA mode” solidification
mode, but also 1n the casé of the “AF mode” solidification mode, if the timing
of crystallization of the phase crystallizing out after the primary phase i1s
made earlier, even if the P content is not less than 0.05%.

[0024]

Then, the present inventors made further detailed investigations by
Vai*ying the contents of C, Si, Mn, S, Cr, Ni, sol. Al and N in austenitic
stainless steels containing P at a level of not less than 0.05%.

' [0025]

As a result, it was found that, in the case of austenitic stainless
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steels which comprise C: 0.05 to 0.25%, Si: not more thah 2%, Mn: 0.01 to
3%, P: 0.05 to 0.5%, S: not more than 0.03%, Cr: 15 to 30%, Ni1: 6 to 55%, sol.
Al: 0.001 to 0.1% and N: not more than 0.03%, with the balance being Fe
and 1mpurities, the weld solidification cracking can be surely and stably
inhibited when the composition is designed so that the formula (1) given
below may be satisfied and the timing of the crystallization of the phase
crystallizing out after the primary phase is controlled.

[0026]

(Cr+15%x8Si+2xP)/(Ni+031xMn+22xC+ 142X N+5xP)
>1.388 - Formula (1); '

In the formul.a (1), each element symbol represents the content by
mass percent of the element concerned.

(0027}

The present inventors further made investigations concerning the
cases where the above-mentioned austenitic stainless steels further contain
Nd, Cu, Mo, W, B, V, Nb, Ty, Ta, Zr, Hf, Co, Ca and Mg in lieu of part of Fe.
[0028] '

As a result, 1t was revealed that, 1n the case of austenitic stainless
steels containing at least one element selected from the first to third STOUPS
given below 1n lieu of part of Fe, the said weld solidification cracking can be
surely and stably inhibited when the composition 1s designed so that the
- formula (2) given below may be satisfied and the timing of the
crystallization of the phase crystallizing out after the primary phase 1s
controlled.

[0029]

First group’ Nd: not more than 0.5%;

Second group: one or more of Cu’ not more than 3%, Mo’ not more
than 5% and W: not more than 10% provided that Mo + (W/2): not more than
5%, B’ not more than 0.03%, V: not more than 1.5%, Nb: not more than 1.5%,
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11" not more than 2%, Ta: not more than 8%, Zr: not more‘than 1%, Hf: not
more than 1% and Co: not more than 5%; and ‘

Third groupi one or both of Ca: not more than 0.05% and Mg: not
more than 0.05%;

(Cr+1.5%8i+2xNb+Ti+2xP)/(Ni+0.31xMn+22x C+ 14.2
XN+ Cu+5xP)>1.388 - Formula (2);

In the formula (2), each element symbol represents the content by

mass percent of the element concerned.

[0030]

The present invention has been accomplished on the basis of the
above-described findings. The main points of the present invention are
austenitic stainless steel welded joints shown in the following (1) and (2),

and austenitic stainless steel welding materials shown in the following (3)

and (4).
[0031]

(1) An austenitic stainless steel welded joint, which comprises by
mass percent, C: 0.05 to 0.25%, Si: not more than 2%, Mn: 0.01 to 3%, P:
0.05 to 0.5%, S not more than 0.03%, Cr: 15 to 30%, Ni: 6 to 55%, sol. Al:
0.001 to 0.1% and N: not more than 0.03%, with the balance being Fe and
impurities, and the following formula (1) is satisfied:

(Cr+15x8i+2xP)/(Ni+0.831 XxMn+22x C+14.2x N+ 5 x P)
>1.388 - Formula (1);

In the formula (1), each element symbol represents the content by

mass percent of the element concerned.
[0032]

(2) The austenitic stainless steel welded joint according to the above
(1), which further contains, by mass percent, at least one element selected

- from the first to third groups given below in lieu of part of Fe and, further

the following formula (2) is satisfied:
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(Cr+1.5x8i+2xNb+Ti+2xP)/(Ni+031xMn+22xC+14.2
XN+ Cu+5xP)>1.388 - Formula (2);

In the formula (2), each element symbol represents the content by
“mass percent of the element concerned.

First group: Nd: not more than 0.5%;

Second group: one or more of Cu’ not more than 3%, Mo: not more
than 5% and W: not more than 10% provided that Mo + (W2): not more than
0%, B: not more than 0.03%, V: not more than 1.5%, Nb: not more than 1.5%,
T1% not more than 2%, Ta: not more than 8%, Zr: not more than 1%, Hf: not
more than 1% and Co: not more than 5%; and

Third group: one or both of Ca: not more than 0.05% and Mg: not
more than 0.05%.

[0033]

(3) An austenitic stainless steel welding material which comprises
by mass percent, C: 0.05 to 0.25%, Si: not more than 2%, Mn: 0.01 to 3%, P:
0.05 .to 0.5%, 5 not more than 0.03%, Cr: 15 to 30%, Ni: 6 to 05%, sol. Al:
0.001 to 0.1% and N: not more than 0.03%, with the balance being Fe and
impurities, and the following formula (1) is satisfied:

(Cr+1.5xS8i+2%xP)/(Ni+0.31xMn+22xC+142%x N+ 5 x P)
>1.388 -+ Formula (1);

In the formula (1), each element symbol represents the content by

mass percent of the element concerned.

[0034]

(4) The austenitic stainless steel welding material according to the
above (3), which further contains, by mass percent, at least one element
selected from the first to third groups given below in lieu of part of Fe and,
further, the following formula (2) is satisfied: '

(Cr+15xSi+2xNb+Ti+2xP)/(Ni+0.31xMn+22xC+14.2
XN+Cu+5xP)>1.388 - Formula (2);
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In the formula (2), each element symbol represents the content by

mass percent of the element concerned.

First group: Nd: not more than 0.5%;

Second group: one or more of Cu’ not more than 3%, Mo: not more
than 5% and W: not more than 10% provided that Mo + (W/2): not more than
5%, B: not more than 0.03%, V: not more than 1.5%, Nb: not more than 1.5%,
T1* not more than 2%, Ta: not more than 8%, Zr: not more than 1%, Hf: not
more than 1% and Co: not more than 5%; and

Third group® one or both of Ca: not more than 0.05% and Mg: not
more than 0.05%.

[0035]

The above-mentioned inventions (1) and (2) related to the austenitic
stainless steel welded joints and the inventions (3) and (4) related to the
austenitic stainless steel welding materials are referred to as “the present

invention (1)” to “the present invention (4)”, respectively, or collectively

referred to as “the present invention”.

EFFECTS OF THE INVENTION
[0036]

~ The austenitic stainless steel welded joints of the present invention,
in spite of their high P content, can be widely applied in such fields, as steel
- pipes, steel plates and so on, where not only high-temperature strength and
- corrosion resistance but also weldability is required. The austenitic
stainless steel welding materials of the present invention are best suited for

producing the above-mentioned austenitic stainless steel welded joints.

BRIEF DESCRIPTION OF THE DRAWING
[0037]

[Fig. 1] Fig. 1 shows the shape of a test specimen used in creep

rupture testing in the examples.

BEST MODES FOR CARRYING OUT THE INVENTION

10
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[0038] f

In the following, the reasons for restricting the contents of the
component elements of the welded joints and welding materials in the
present invention are described in detail. In the following description, the
symbol “%” for the content of each element means “% by mass”.
[0039] ’

C: 0.05 to 0.25%

C 1s an important element effective for ensuring the tensile strength
and creep strength which i1s required for use 1n a high-temperature
environment. In the austenitic stainless steels of the present invention,
the above-mentioned effects can be produced and the required
high-temperature strength can be obtained only when the content of the C is
not less than 0.06%. At a C content level which exceeds 0.25%, however,
only the amounts of undissolved carbides in the solution heat treated state
increase and mno further contribution to the 1improvement in
high-temperature strength can be expected; further, toughness and other
mechanical properties as well as corrosion resistance may deteriorate.
Therefore, the content of C 1s set to 0.05 to 0.25%. The content of C 1s
preferably more than 0.06% to not more than 0.2%. More preferably, the
content of C is 0.07 to 0.15%.

[0040]

S1- not more than 2%

Si 1s an element having a deoxidizing effect in the step of melting
the austenitic stainless steels and further 1s effective 1n increasing oxidation
resistance, steam oxidation'resistance and so on. When such effects are
required, Si i1s desirably added at a content level of not less than 0.1%. If
the S1 content level exceeds 2% however, S1 promotes the precipitation of

such intermetallic compound phases as the o phase and also causes a

‘decrease in toughness and ductility due to the deterioration of the

11
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‘microstructural stability at high temperatures. Furthermore, in the case of
coinpleté austenite phase solidification, the susceptibility to the weld
solidification cracking markedly increases, so that the occurrence of the said
weld solidification cracking increases. Therefore, the content of Si 1s set to
not more than 2%. More preferably, the content of Si 1s not more than 1%.
[0041] ‘

Mn: 0.01 to 3%

Mn 1s an element effective in preventing hot working brittleness due
to the S which 1s contained as an impurity in the austenitic stainless steels
and, 1t also has a deoxidizing effect in the step of melting the steels. In
order to obtain such effects, a content of Mn not less than 0.01% 1s necessary.
However, if the Mn content level exceeds 3%, Mn promotes the precipitation
of such intermetallic compound phases as the o phase and also causes a
decrease 1n toughness and ductility due to the deterioration of the
microstructural stability at high temperatures. Therefore, the content of
Mn 1s set to 0.01 to 3%. The content of Mn is more preferably 0.05 to 2%
and further more preferably 0.1 to 1.5%.

[0042]

P: 0.05 to 0.5%

P 1s an important element 1n the present invention. That i1s to say,
for contributing to fine carbide precipitation and i1mproving the creep
strength of the austenitic stainless steels of the present invention, the
cohntent of P 1s required to be not less than 0.05%. However, an excessive
content of P causes deterioration of creep ductility and, in particular, when
the content of P exceeds 0.5%, the dete.rioration of creep ductility becomes
remarkable. Therefore, the content of P 1s set to 0.05 to 0.5%. The

content of P 1s more preferably 0.06 to 0.3% and further more preferably
more than 0.08% to not more than 0.2%.
[0043]

12
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S: not more than 0.03%

S 1S an impurity element coming from raw materials, for example,
on the occasion of the melting of the austenitic stainless steels. A high
content of S causes deterioration of corrosion resistance and also
deteriorates the hot workability and weldability; in particular, when the
content of S exceeds 0.03%, the deterioration of corrosion resistance,
workability and weldability becomes significant. Therefore, the content of
S is set to not more than 0.03%. It is desirable that the S content be
reduced as low as possible. Therefore, the content of S 1s more preferably
not more than 0.01% and most preferably not more than 0.005%.

[0044]

Cr: 15 to 30%

Cr is an important element for ensuring the oxidation resistance,
steam oxidation resistance, high-temperature corrosion resistance and so on,
and also contributes to increasing the creep strength through formation of
Cr-based carbides. In order to obtain the above-mentioned effects, it is
necessary that the Cr content be not less than 15%. As the content of Cr
increases, the corrosion resistance is improved but when the content of Cr
exceeds 30%, the austenitic microstructure becomes unstablé, readily
allowing the formation of such intermetallic compounds as the o phase or
the a-Cr phase, and so the deterioration of toughness and high-temperature
strength occurs. Therefore, the content of Cr 1s set to 15 to 30%. More
preferably, the content of Cr 1s 18 to 28%.

[0045]

Ni: 6 to 55%

Ni is an essential element for ensuring a stable austenitic
microétructure and the necessary minimum content of N1 is determined by
~ the contents of elements contained in the austenitic stainless steels such as

Cr, Mo, W, Nb and the like, which are the ferrite-forming elements, and Mn,

13
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C, N and so on, which are the austenite-forming elements. In the present
invention, it 1s necessary that the content of Cr be not less than 15% and, if
the- Ni content 1s lower than 6% relative to the Cr content, 1t 1s difficult to
produce a single phase of austenite and, furthermore, the austexiitic
microstructure becomes unstable during a long period of use at high
temperatures and the high-temperature strength and toughness markedly
deteriorate due to the precipitation of such brittle phases as the ¢ phase.
On the other hand, if the Ni content level exceeds 55%, the said effects of N1
arrive at saturation levels and the economic efficiency 1s 1mpaired.
Therefore, the content of N1 1s set to 6 to 55%. When the Ni content i1s high,
the solidification mode becomes the “A mode”, namely austenite single phase
solidification, the formula (1) given above may not be satisfied in certain
cases and, therefore, the content of Ni 1s preferably 6 to 30%. More
preferably, the content of Ni is 8 to 25%.

[0046]

Sol.Al: 0.001 to 0.1%

Al has a deoxidizing effect on the occasion of the melting of 'the
austenitic stainless steels. In order to obtain this effect, 1t 1s necessary that
the content of Al as sol.Al (“acid-soluble Al”) be not less than 0.001%.
However, when the content of Al as sol.Al exceeds 0.1%, the precipitation of
such intermetallic compounds as the o phase 1s promoted during use at high
temperatures, leading to deterioration of toughness, ductility and
high-temperature strength. Therefore, the content of sol.Al 1s set to 0.001
to 0.1%. The content of sol.Al is more preferably 0.005 to 0.056% and
further more preferably 0.01 to 0.03%.

[0047]
N: not more than 0.03%
A content of N which exceeds 0.03% causes deterioration of hot

~workability and, therefore, the content of N is set to not more than 0.03%.

14



CA 02658495 2009-01-20

It is desirable that the N content be reduced as low as possible. Thus, the
content of N 1s more preferably not more than 0.02% and further more
preferably not more than 0.015%.

[0048]

The value of (Cr + 1.5 X Si+ 2 x P) /(Ni+ 0.31 X Mn + 22 x C + 14.2
X N + 5 X P): not less than 1.388

When the austenitic stainless steels which comprise the

~above-mentioned elements C to N within the respective content ranges, with
the balance being Fe and impurities have a value of “(Cr + 1.5 X Si + 2 X P)/
(Ni+ 031 xMn+22xC+ 14.2 x N + 5 x P)” which is not less than 1.388,
namely satisfy the formula (1), the timing of crystallization of the phase
crystallizing out after the primary phase i1s controlled and the weld
solidification cracking can be surely and stably inhibited.
[0049]

From the reasons mentioned above, the austenitic stainless steel
welded joint according to the present invention (1) and the austenitic
stainless steel welding material according to the present invention (3) are
defined as the ones containing the above-mentioned elements C to N within
their respective content ranges, with the balance being Fe and impurities,
and at the same time satisfying the said formula (1).

[0050] '

The austenitic stainless steel welded joint of the present invention
(1) and the austenitic stainless steel welding material of the present
invention (3) may further selectively contain, according to need, one or more
elements of each of the following groups of elements 1n lieu of part of Fe;

First group: Nd: not more than 0.5%;

Second group: one or more of Cu: not more than 3%, Mo’ not more
than 5% and W: not more than 10% provided that Mo + (W/2): not more than

- 5%, B: not more than 0.03%, V: not more than 1.5%, Nb: not more than 1.5%,
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Ti: not more than 2%, Ta: not more than 8%, Zr: not more‘than 1%, Hf: not
more than 1% and Co: not more than 5%; and

T'hird group: one or both of Ca: not more than 0.05% and Mg: not
more than 0.05%.

That 1s to say, one or more of the first to third groups of elements
may be added, as optional elements, to the above-mentioned steels and

thereby contained therein.

[0051]

The above-mentioned optional elements will be explained below.
[0052]

First group: Nd: not more than 0.5%

The first group element Nd is an element having a creep ductility
improving effect and in particular is effective in obtaining good creep
ductility in the austenitic stainless steels, according to the present ivention,
which contain P at a level as high as not less than 0.05%. In order to
obtain surely the above-mentioned effect, the content of Nd is preferably set
to not less than 0.001%. However, if the content of Nd exceeds 0.5%, the
amounts of 1nclusions such as oxides and so on increase. Therefore, if Nd is
added, the content of Nd is set to not more than 0.5%. The content of Nd is ‘
preferably 0.001 to 0.5%and more preferably 0.001 to 0.2%. Further more
preferably, the content of Nd is not less than 0.005% to less than 0.1%.
[0053]

Second group: one or more of Cu’ not more than 3%, Mo: not more
than 5% and W: not more than 10% provided that Mo + (W/2): not more than
5%, B- not more than 0.03%, V: not more than 1.5%, Nb: not more than 1.5%,
T1: not more than 2%, Ta: not more than 8%, Zr: not more than 1%, Hf: not
more than 1% and Co! not more than 5%

Each of Cu, Mo, W, B, V, Nb, Ti, Ta, Zr, Hf and Co being elements of _
“the second group, if added, has the effect of enhancing the creep strength.
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In order to obtain this effect, the said elements may be a&ded to the steels
and thereby contained therein. The elements, which are in the second
group, are now described in detail.

[0054]

Cu’ not more than 3%

Cu precipitates as the state of a fine Cu phase coherently with the
austenitic mother phase during use at high temperatures, producing a
marked creep strength improving. effect. In order to ensure the
‘above-mentioned effect, the content of Cu i's preferably not less than 0.01%.
Hdwever, at a high Cu content level, in particular, at a Cu content level of
more than 3%, Cu causes a decrease in hot workability, weldability and
creep ductility. Therefore, if Cu is added, the content of Cu is set to not
more than 3%. The content of Cu is preferably 0.01 to 3%. The upper
limit of the Cu content is more preferably 2.0% and further more preferably
0.9%.

[0055]

Mo: not more than 5% and W: not more than 10% provided that Mo
+ (W/2): not more than 5%.

Mo and W are effective elements to improve the creep strength and
high-temperature strength. In order to ensure the above-mentioned effects,
the content of Mo or W, when each is added singly, is preferably not less
than 0.05%. When both the elements are combined and added, the total
content of Mo + (W/2) 1s preferably not less than 0.05%. However, when Mo
and W are added singly at a level exceeding 5% and 10%, respectively, or
when Mo and W are added in combination at a level exceeding 5% as
expressed in terms of Mo + (W/2), the said effects are saturated and the
alloying costs increase and, in addition, the formation of such intermetallic
compounds as the o phase 1s induced, so the deterioration of microstructural

stability and hot workability occurs. Therefore, if Mo and W are added, the
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contents thereof are set as follows; Mo: not more than 5%fand W: not more
than 10% provided that Mo + (WA2): not more than 5%. When either Mo
and W are added singly, the content of Mo 1s preferably 0.05 to 5% while the
content of W 1s preferably 0.05 to 10% and, when both the elements are
combined and added, the total content of Mo + (W/2) is preferably 0.05 to 5%.
Since Mo and W are ferrite-forming elements, the contents of each Mo and

W 1s preferably lower than 4% in order to stabilize the austenitic
microstructure.
[0056]

B: not more than 0.03%

B exists in carbonitrides and promotes finely dispersed the
precipitation of carbonitrides during use at high temperatures, and at the
same time, B exists singly at grain boundaries and therefore strengthens
grain boundaries and prevents grain boundary sliding. Therefore, B
improves the creep strength and high-temperature strength. In order to
ensure the said effects, the content of B is preferably set to not less than
0.0005%. However, if the content of B exceeds 0.03%, deterioration of
weldability occurs. Therefore, if B 1s added, the content of B is set to not
more than 0.03%. The content of B is preferably 0.0005 to 0.03% and more

preferably 0.001 to 0.1%. Further more preferably, the content of B is 0.001
to 0.005%.

[0057]
V: not more than 1.5%

V 1s a carbide-forming element and is effective in improving the
creep strength and high-temperature strength. In order to ensure the said
effects, the content of V is preferably set to not less than 0.02%. However,
1f the content of V exceeds 1.5%, marked deterioration of mechanical
properties such as toughness and so on occurs. Therefore, if V is added, the

content of V is set to not more than 1.5%. The content of V is preferably
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0.02 to 1.5% and more preferably 0.04 to 1%.
[0058]

Nb: not more than 1.5%

Nb is a carbide-forming element and is effective in improving the
creep strength and high-temperature strength. In order to ensure the said
effects, the content of Nb is preferably set to not less than 0.05%. However,
if the content of Nb exceeds 1.5%, marked deterioration of mechanical
properties such as toughness and so on occurs. Therefore, 1f Nb 1s added,
the content of Nb 1s set to not more than 1.5%. 'The content of Nb is
- preferably 0.05 to 1.5% and more preferably 0.05 to 0.6%.

{0059]

T1: not more than 2%

Ti 1s a carbide-forming element and 1s effective in improving the
creep strength and high-temperature strength. In order to ensure the said
effects, the content of Ti1s preferably set to not less than 0.005%. However,
if the content of Ti exceeds 2%, marked deterioration of mechanical
properties such as toughness and so on occurs. Therefore, if T1 1s added,
the content of Ti 1s set to not more than 2%. The content of Ti is preferably
0.005 to 2% and more preferably 0.05 to 1%. '
{0060]

Ta® not more than 8%

Ta 1s also a carbide-forming element and is effective in improving
the creep strength and high-temperature strength. In order to ensure the
said effects, the content of Ta is preferably set to not less than 0.01%.
However, if the content of Ta exceeds 8%, marked deterioration of
mechanical properties such as toughness and so on occurs. Therefore, if Ta
1s added, the content of Ta 1s set to not more than 8%. The content of Ta 1s
preferably 0.01 to 8% and more preferably 0.01 to 7%. Further more
' preferably, the content of Ta 1s 0.05 to 6%.
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[0061]

Zr: not more than 1%

Zr mainly contributes to grain boundary strengthening and brings
about improvements in creep strength. In order to ensure the said effects,
the content of Zr is preferably not less than 0.0005%. However, 1f the
content of Zr exceeds 1%, deterioration of mechanical properties and/or
weldability occurs. Therefore, if Zr 1s added, the content of Zr 1s set to not
more than 1%. The content of Zr i1s preferably 0.0005 to 1% and more

preferably 0.01 to 0.8%. Further more preferably, the content of Zr 1s 0.02
to 0.5%. '

[0062]

Hf’ not more than 1%

Hf also mainly contributes to grain boundary strengthening and
brings about improvements in creep strength. In order to ensure the said
e-ffects, the content of Hf is preferably not less than 0.0005%. However, if
the content of Hf exceeds 1%, deterioration of mechanical properties and/or
Weldability occurs. Therefore, if Hf 1s added, the content of Hf is set to not
more than 1%. The content of Hf 1s preferably 0.0005 to 1% and more
preferably 0.01 to 0.8%. Further more preferably, the content of Hf 1s 0.02
to 0.5%.

[0063]

Co: not more than 5%

Like Ni, Co stabilizes the austenitic microstructure and contributes
to 1mprovements in creep strength. In order to ensure the said effects, the
content of Co 1s preferably not less than 0.05%. However, at a Co content
level which exceeds 5%, the said effects of Co arrive at saturation levels and
the economic efficiency only declines. Therefore, if Co 1s added, the content

of Co 1s set to not more than 5%. The content of Co is preferably 0.05 to
5%. ‘
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[0064]

The steels of the present invention can contain only one or a
combination of two or more of the above-mentioned elements Cu, Mo, W, B,
V, Nb, Ti, Ta, Zr, Hf and Co.

[0065]

Each of Ca and Mg are elements of the third group and, if added,
have the effect of improving hot workability. In order to obtain this effect,
the said elements may be added to the steels and thereby contained therein.

The elements, which are the third group, are now described in detail.

[0066]

Ca: not more than 0.05%

Ca has an ettect of improving the hot workability of steels. In order
to ensure this efifect, the content of Ca 1is preferably set to not less than
0.0001%. However, a Ca content which exceeds 0.05% causes a decrease in
hot workability due to the formation of oxide type inclusions and also causes
deterioration of dlictility. Therefore, if Ca 1s added, the content of Ca 1s set
to not more than 0.05%. The content of Ca is preferably 0.0001 to 0.05%
and more preferably 0.001 to 0.02%. Further more preferably, the content
of Ca 15 0.001 to 0.01%.

[0067]

Mg not more than 0.05%

Mg also has an effect of improving the hot workability of steels. In
order to ensure this effect, the content of Mg 1s preferably set to not less
than 0.0001%. However, a Mg content which exceeds 0.05% causes a
decrease in hot workability due to the formation of oxide type inclusions and
also causes deteriorafion of ductiity. Therefore, if Mg i1s added, the content
of Mg 1s set to not more-thah 0.05%. The content of Mg 1s preferably 0.0001

to 0.056% and more preferably 0.001 to 0.02%. Further more preferably, the
~content of Mg 1s 0.001 to 0.01%.
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[0068]

The steels of the present invention can contain only one or a

combination of both of the above-mentioned elements Ca and Mg.

[0069]

' The value of (Cr + 1.5 X Si + 2 X Nb + Ti + 2 x P)/(Ni + 0.31 x Mn +
22X C+14.2x N+ Cu+ 5 x P): not less than 1.388

The austenitic stainless steels containing at least one element
selected from the above-mentioned first to third groups 1n lieu of part of Fe
in the austenitic stainless steel welded joint according to the present
invention (1) and the austenitic stainless steel welding material according .to
the present invention (3), when they have a value of not less than 1.388 as
the value of (Cr+ 1.5 xSi+2XNb+Ti+2%xP)/(Ni+ 0.31 X Mn + 22 X C +
14.2 x N + Cu + 5 X P), namely satisfy the formula (2), the timing of the
crystallization of the phase crystallizing out after the primary phase can be
controlled and the weld solidification cracking can be surely and stably
inhibited.

[0070]

From the reasons mentioned above, the austenitic stainless steel
welded joint according to the present invention (2) and the austenitic
stainless steel welding material according to the present invention (4) are
defined as the ones which contain at least one element selected from the
above-mentioned first to third groups in lieu of part of Fe in the austenitic
stainless steel welded joint according to the present invention (1) and the
austenitic stainless steel welding material according to the present
invention (3), respectively, and which satisfy the said formula (2).

[0071]
The austenitic stainless steel welded joints according to the present

inventions (1) and (2) can be produced by various welding methods such as

TIG welding, MIG welding and so on. As for the welding materials, in
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order to produce those austenitic stainless steel welded joints, the austenitic
stainless steel welding materials according to the present inventions (3) and

(4) can be used.

[0072]

The following examples illustrate the present invention more
specifically. These examples are, however, by no means limited to the scope

of the present invention.

EXAMPLE
[0073]

Austenitic stainless steels 1 to 12 and A to D having the chemical
compositions shown in Table 1 were melted using a high-frequency
induction vacuum furnace and cast to form ingots.

[0074]

The steels 1 to 12 shown in Table 1 are steels having chemical
compositions falling within the range regulated by the present invention.
On the other hand, the steels A to D in Table 1 are steels of comparative

examples with chemical compositions out of the range regulated by the

present invention.

[0075]

The content of P in austenitic stainless steels used for heat exchange
in boilers is restricted to not more than 0.040%, as prescribed in JIS G 3463.
Therefore, the P content of 0.03% in the steel A shown in Table 1

corresponds to the P content in the ordinary austenitic stainless steels used

for heat exchange in boilers.
[0076]
| Table 1]
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Each ingot obtained was hot-forged in the conventional manner and
then subjected to solution heat treatment at 1200°C and then processed 1nto
restraint weld cracking test specimens with shape of V-groove (1.5 mm, 60°)
at the butt end and having a thickness of 12 mm, a width of 50 mm and a
length of 150 mm, and Trans-Varestraint test specimens having a thickness
of 4 mm, a width of 100 mm and a length of 100 mm.

[0078]

The thus-obtained restraint weld cracking test specimens, each
made of austenitic stainless steel, were peripherally restraint-welded, and
each butt site was subjected to a no filler welding by the TIG welding
method under the following conditions: welding current 150 A, welding
voltage 12 V, welding speed 10 cm/min; and the bead surface cracking ratio,
namely. the percentage occurrence of solhidification cracks relative to the

weld bead length of the restraint weld cracking test specimens, was

measured.
[0079]

For more detailed evaluation of the susceptibility of each austenaitic
stainless steel to solidification cracking, Trans-Varestraint testing was
carried out using the said Trans-Varestraint test specimens under the
following conditions: Weldingcurrent 100 A, welding voltage 15 V, welding
speed 15 cn:i/min, added strain 2%; and the maximum crack length was
measured. The maximum crack length evaluated by the Trans-Varestraint
testing of those austenitic stainless steel weld metals, which are in
conventional use for heat resisting purposes, 1s not longer than 1 mm.
Therefore, an austenitic stainless steel showing a maximum crack length of
not longér than 1 mm as evaluated by the said Trans-Varestraint testing 1s
considered to have good resistance against weld solidification cracking.
[0080]

Furthermore, using a welding material (weld wire) with an outside

20



CA 02658495 2009-01-20

diameter of 1.2 mm produced in advance from each austenitic stainless steel
base metal, multilayer welding was carried out by the TIG welding method
under these conditions: welding current 165 A, welding voltage 15 V,
welding speed 10 cm/min; and test specimens having the dimension shown
in [ig. 1, were prepared and subjected to creep rupture testing under the
conditions of 700°C and 147 MPa, for investigating the creep rupture time of
the welded joint. In the case of TIG welding, the chemical composition of
the weld metal hardly undergoes dilution, hence remains the same as that
of the base metal.
[oo81]

The results of the tests mentioned above are summarized in Table 2,
together with the values of the left side member of the said formula (1) or (2).
In Table 2, the creep rupture property was evaluated by “X”, when the creep

rupture time was shorter than 1000 hours, and was evaluated by “0”, when

the said time was 1000 hours or longer.
[0082]
|Table 2]

26



CA 02658495 2009-01-20

Table 2
Weldabﬂit’_y - Result of creep
Value of | DBead surface Maximum |pypture testing

cracking ratio {crack lengthin
in restraint |Trans-Varestira
weld cracking | int testing |(of 700°C and 147

Steel | formula under conditions! Remark

testing (%) (mm) MPa
1 1.6570 0 0.63 o
o | 1.6485 0 051 | o
3 1.5780 D 0.71 L o
4 1.6506 0 0.58 o
5 1.56368 0 0.93 o
6 1.6971 0 0.49 0 Inventive
7 1.5273 0 0.379 o examples
8 1.4708 0 0.248 | o
9 1.3883 0 | 0.326 ‘ o
10 | 1.7133 | 0 0.397 o
11 | 1.3968 | 0 0.411 ‘ o
12 | 1.3917 | 0 0.532 | 0
1.4901 0 . 0.42 X
*1.3871 | 100 - 1.01 | o Comparative
*1.3806 100 | 3.96 O examples
*1.2078 | 100 - 2.77 o

The value of formula for steel 7 is the value of (Cr + 1.5 x Si + 2 x P} /(Ni
1+031 xMn+22%x C+ 14.2 x N + 5 X P); for other steels, values of (Cr+ 1.5 X Si +
2XNb+Ti+2xP)/(Ni+0.831 x Mn +22x C+ 14.2 x N+ Cu + 5 X P) are given.
The marks “o” and “X” in the column “Result of creep rupture testing”
respectively indicate thét the r'uptu.ré- time was 1000 hours or longer and that it
was shorter than 1000 hours. | \
The mark * indicates falling outside the conditions specified by the

present invention.

[0083]

From Table 2, it 1s evident that in the case of the steels 1 to 12,
falling within the conditions specified by the present invention, the bead
surface cracking ratio in the restraint weld cracking testing was 0 (zero),

namely no cracking occurred at all in the weld metal and the maximum
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crack length in Trans-Varestraint testing was not longer than 1 mm.
Consequently, the said steels 1 to 12 have excellent weldability, in spite of
their high P levels of 0.09 to 0.29%. Furthermore, in the case of the
above-mentioned steels 1 to 12, the creep rupture time was 1000 hours or
longer; therefore 1t 1s evident that they are excellent in creep characteristics.
[0084]

On the contrary, the comparative steels A to D falling out of the
conditions specified by the present invention were inferior in weldability or
creep characteristics.

[0085]

That 1s to say, 1n the case of steel A, owing to the low P content of
0.03%, the bead surface cracking ratio was 0, namely no cracking occurred
in the weld metal, in the restraint weld cracking testing, and moreover, the
maximum crack length in the Trans-Varestraint testing was not longer than
1 mm. This means that the said steel A has excellent weldability; however,

the creep rupture time thereof was shorter than 1000 hours, hence the steel

A 1s inferior 1n creep characteristics.
[0086]

In the case of steels B to D, the creep rupture time was 1000 hours
or longer, hence they are excellent 1in creep characteristics; however, since
the said formula (2) was not satisfied, cracking occurred in the weld metal
in restraint weld cracking testing and, in Trans-Varestraint testing, the
maximum crack length was longer than 1 mm, hence the steels are inferior

in weldability and not suited for practical use.

INDUSTRIAL APPLICABILITY
[0087]
The austenitic stainless steel welded joints of the present invention

can be widely applied as steel pipes, steel plates and so on 1n such fields

where not only high-temperature strength and corrosion resistance but also
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weldability is required, in spite of high P content thereof. The austenitic
stainless steel welding materials of the present invention are best suited for

producing the above-mentioned austenitic stainless steel welded joints.
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- 4

WHAT IS CLAIMED IS: 7

1. An austenitic stainless steel welded joint, which comprises by
mass percent, C: 0.05 to 0.25%, Si° not more than 2%, Mn: 0.01 to 3%, P:
0.05 to 0.5%, S: not more than 0.03%, Cr: 15 to 30%, Ni: 6 to 55%, sol. Al:
0.001 to 0.1% and N: not more than 0.03%, with the balance being Fe and
impurities, and the following formula (1) is satisfied:

(Cr+1.5xSi+2xP)/(Ni+0.31 xMn+22x C+14.2xN+5x P)
>1.388 - Formula (1),

wherein each element symbol in the formula (1) represents the content by
mass percent of the element concerned.

2. The austenitic stainless steel welded joint according to claim 1,
which further contains, by mass percent, at least one element selected from

the first to third groups given below 1n lieu of part of Fe and, further, the

following formula (2) is satisfied:

(Cr+15x8i+2xNb+Ti+2xP)/(Ni+0.31 xMn+22xC+ 14.2
X N+ Cu+5xP)>1.388 - Formula (2),
wherein each element symbol in the formula (2) represents the content by
mass percent of the element concerned:

First group: Nd: not more than 0.5%;

Second group: one or more of Cu: not more than 3%, Mo: not more
than 5% and W: not more than 10% provided that Mo + (W/2): not more théh
5%, B: not more than 0.03%, V: not more than 1.5%, Nb: not more than 1.5%,
Ti: not more than 2%, Ta: not more than 8%, Zr: not more than 1%, Hf: not
‘more than 1% and Co: not more than 5%; and

Third group: one or both of Ca‘ not more than 0.05% and Mg’ not
more than 0.05%. '

‘ 3. An austenitic stainless steel welding material, which comprises by
mass percent, C: 0.05 to 0.25%, Si: not more than 2%, Mn: 0.01 to 3%, P:
-0.05 fo 0.5%, S: not more than 0.03%, Cr: 15 to 30%, Ni: 6 to 55%, sol. Al
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0.001 to 0.1% and N: not more than 0.03%, with the balahce being Fe and
impurities, and the following formula (1) is satisfied:

(Cr+15x8Si+2xP)/(Ni+0.31xMn+22xC+142xN+5xDP)
>1.388 - Formula (1),
wherein each element symbol in the formula (1) represents the content by
mass percent of the element concerned.

4. The austenitic stainless steel welding material according to claim
3, which further contains, by mass percent, at least one element selected
from the first to third groups given below in lieu of part of Fe and, further,

the folloWing formula (2) is satisfied:

' (Cr+1.5xSi+2xNb+Ti+2xP)/(Ni+0.31 ><Mn+22>< C+14.2
XN+Cu+5xP)>1.388 - Formula (2),
wherein each element symbol in the formula (2) represents the content by
mass percent of the element concerned:

First group: Nd: not more than 0.5%:

Second group: one or more of Cu: not more than 3%, Mo: not more
.than 5% and W: not more than 10% provided that Mo + (W/2): not more than
5%, B: not more than 0.03%, V: not more than 1.5%, Nb: not more than 1.5%,
Ti: not more than 2%, Ta: not more than 8%, Zr: not more than 1%, Hif: not
more than 1% and Co: not more than 5%; and

Third group: one or both of Ca: not more than 0.05% and Mg: not
more than 0.05%.
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